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ABSTRACT
Streptococcus thermophilus, is a lactic acid bacterium, commonly used as a starter organism for the manufacture of fermented dairy
products. In this study, S. thermophilus BCRC 14085 was first subjected to different cold shock treatments (10, 15 and 20 for 2 and 4 h).
The viabilities of cold-shocked cells in subsequent lethal stress environments such as low temperature (5, -20°C), high temperature (58°C),
acidic pH (2.5), high osmotic pressure (75% sorbitol) and high ethanol (20%), were then compared with the controls. Results revealed
that the cold shock response of S. thermophilus varied with the cold shock treatments and types of lethal stress. Compared with control
cells, S. thermophilus cold-shocked at 10°C for 2 and 4 h, or 15°C for 2 h showed enhanced survival, while the cold-shocked cells at 20°C
for 4 h exhibited reduced survival at -20oC. Cold shock did not affect the viability of S. thermophilus at 5°C. Regardless of the duration
of cold shock, the 10°C cold-shocked cells exhibited enhanced survival while other cold shocked cells showed reduced viability at 58°C.
Pre-adaptation at 10 or 15°C for 2 or 4 h enhanced S. thermophilus’s tolerance against high osmophilic pressure and 20% ethanol. Finally,
the 10°C cold-shocked cells showed enhanced survival at pH 2.5. Thus, the enhanced stress resistance of S. thermophilus induced by an
appropriate cold shock treatment may yield its potential benefits in the food industry.
Key words: Streptococcus thermophilus, cold shock treatments, subsequent lethal stresses

INTRODUCTION
Streptococcus thermophilus is a Gram positive, homofermentative and thermophilic lactic acid bacterium(1). It is
one of the most important lactic acid bacteria in the dairy
industry, where it is used as a starter in the manufacture
of yoghurt and certain types of cheese(2). Some strains of
S. thermophilus produce exopolysaccharides and bacteriocin. Exopolysaccharides contribute to the desirable
viscous texture and rheological properties of fermented milk
products such as yogurt(3) while bacteriocin is considered
a potential preservative(4). In addition, S. thermophilus is a
probiotic which has shown positive effects on inflammatory
gut disease(5), diarrhea in young children(6) and enterocolitis
in premature neonates(7).
Microorganisms, after exposure to a period of sub-lethal
low temperature (cold shock), may change their susceptibility to subsequent hostile environments. For example,
Lin et al.(8) observed that cold shock at 20 or 15°C for 2 or
4 h enabled V. parahaemolyticus cells to survive better at
5 or -20°C, and prove more resistant to exposure to crystal
* Author for correspondence. Tel: +886-2-33664111;
Fax: +886-2-23620849; E-mail: fstcchou@ntu.edu.tw

violet, and yet these same cold-shocked V. parahaemolyticus
cells were more susceptible to high temperature, H2O2 and
organic acid. Goldstein et al.(9) observed that E. coli cold
shocked at 10°C for 6 h showed a significantly higher (p <
0.05) viability during freezing than the non-shocked cells.
Further, Kim and Dunn(10) reported that cold shock at 10°C
for 2 h significantly improved the viability of Lactococcus
lactis subsp. lactis strains and Pediococcus pentosaceus,
but not Streptococcus thermophilus TS2, when these organisms were subsequently frozen at -20°C for 24 h. In addition, Wouters et al.(11) observed that S. thermophilus actively
adapted to freezing after cold shock at -20°C for 2 or 4 h.
Furthermore, the synthesis of cold shock proteins, which
are associated with low temperature tolerance, has been
reported by various researchers(11-14). In the present study,
S. thermophilus BCRC 14085 was cold-shocked at various
conditions: 10, 15 and 20°C for a period of 2 and 4 h. The
viabilities of the cold-shocked and non-shocked S. thermophilus BCRC 14085 were then compared after exposure
to subsequent adverse conditions such as low temperature
(5, -20°C), high temperature (58°C), acidic pH (2.5), high
osmotic pressure (75% sorbitol) and high ethanol (20%).
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MATERIALS AND METHODS
I. Microorganisms
In the present study, S. thermophilus BCRC 14085, a
starter organism used for the fermentation of yogurt, was
used as the test organism. It was obtained from the Bioresources Collection and Research Center (BCRC), Hsinchu,
Taiwan.
S. thermophilus BCRC 14085 was first activated by two
successive transfers in Lactobacilli MRS broth (MRS broth,
Difco, Spaks, MD, USA) at 37°C for 24 h. The activated
cultures were then grown in MRS broth at 37°C for 16 h.
When the test organism was at its late log phase and showed
a viable population of about 109 cfu/mL, the culture was then
used as the inoculum to prepare the control and the coldshocked cells of the test organism.
II. Cold Shock Treatment
For the preparation of cold-shocked cells, the activated
culture of S. thermophilus was first centrifuged at 8,000 ×g
for 15 min. After re-suspending the pellets in fresh MRS
broth, 1 mL of the culture with a viable population of about
109 cfu/mL was further combined with 9.0 mL of MRS broth
which had been pre-cooled at 10, 15 or 20°C in a culture
tube. They were then incubated at 10, 15 or 20°C for a period
of 2 or 4 h in a circulating water bath (Model 903, Hotech
Co., Taipei, Taiwan). The cultures that were not exposed
to the cold shock treatment were included as the non-cold
shocked control.
III. Studies on the Viability of S. thermophilus Exposed to
Low Temperature Stresses
To examine the effect of cold shock on the tolerance of
S. thermophilus at 5°C, 0.5 mL of the cold-shocked cells or
control cells was mixed with 49.5 mL of MRS broth which
had been pre-cooled at 5°C. The cultures containing the test
organism at an initial population of about 106 cfu/mL were
then incubated at 5°C for a period of 14 days. To determine
the viability at a frozen temperature, the culture (1.0 mL)
containing a population of about 106 cfu/mL was placed
in a microtube pre-cooled in an ice water bath. It was then
incubated at -20°C for 8 days. Before testing for viability,
the frozen samples were thawed in a water bath controlled at
37°C, according to the method described by Broadbent and
Lin(15). The viability of the test organism was then determined across a range of specific time intervals during the
low temperature storage period.
IV. Studies on the Viability of S. thermophilus Exposed to
High Temperature Stresses
To investigate the effect of cold shock on the thermal
tolerance of the test organism, 0.5 mL of the cold-shocked
or control cells of S. thermophilus was inoculated into

49.5 mL of MRS broth (pretempered at 58°C) and incubated
at 58°C for 60 min. Samples were taken at different incubation periods and the samples were cooled immediately by
immersion in an ice bath. The survival of S. thermophilus
was then determined.
V. Studies on the Viability of S. thermophilus Exposed to
Acid, Ethanol and High Osmophilic Stresses
To examine the susceptibility to acidic and ethanolic
stress, the cultures of cold-shocked and non-shocked
S. thermophilus were added to MRS broth (pH adjusted to
2.5) and MRS broth containing 15% (v/v) ethanol, respectively. To examine its susceptibility to high osmophilic
pressure, the test organism was inoculated into MRS broth
that had been combined with 75% (w/v) sorbitol (Aw 0.88),
essentially according to the methods described by Breeuwer
et al.(16) These cultures containing an initial population of
about 106 cfu/mL were held at room temperature (about
25°C) for the period of time as specified below. At specific
intervals during the incubation period, the viability of the
test organism was determined.
VI. Enumeration of Viable S. thermophilus
To determine the viable population of S. thermophilus,
samples were serially diluted in 0.1% peptone water and the
viable counts were made by spread plating (0.1 mL) on MRS
agar (Difco). The colonies were counted after 48 h of incubation at 37°C.
VII. Statistical Analysis
The mean value and standard deviation were calculated
from the data obtained from the three separate experiments.
Data were analyzed using Student’s unpaired two-tailed
t-test(17). Statistical significance was set at p < 0.05.

RESULTS AND DISCUSSION
I. Effect of Cold Shock on the Low Temperature Tolerance
of S. thermophilus
The viabilities of the control and cold-shocked S. thermophilus during the 14 days of exposure to 5°C are shown
in Figure 1. No marked change in the survival of the test
organism was noted during the entire exposure period.
Regardless of the cold-shocked condition, there was no
significant difference in the survival of the cold-shocked S.
thermophilus from that of the control. The survival behavior
observed on S. thermophilus was different from that reported
by Lin et al.(8), who found that cold shock at 15°C for 2 or 4 h
enabled V. parahaemolyticus to show higher viability at 5°C
than the control cells. Differences in the test organism used
and the specific cold shock condition tested may have led to
this discrepancy.
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Figure 2 shows the survival of the cold-shocked and
non-shocked S. thermophilus subjected to storage at -20°C
for 8 d. It was generally found that the survival of the 10°C 2 h, 10°C - 4 h and 15°C - 2 h cold-shocked S. thermophilus
was higher than that of the control during exposure to -20°C.
1000

On the other hand, the 20°C - 4 h cold-shocked S. thermophilus exhibited a lower survival rate than that of the control. At
the end of the 8-day storage period, the population reduction,
which was obtained by abstracting the final population (log
cfu/mL) from the initial population (log cfu/mL) of the 15°C
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Figure 1. Effect of various cold shock treatments on the survival of
S. thermophilus BCRC 14085 at 5°C. (A) Cells cold-shocked at 10°C;
(B) cells cold-shocked at 15°C; (C) cells cold-shocked at 20°C. ○,
cells without cold shock; ●, cells cold-shocked for 2 h; ▼, cells coldshocked for 4 h.
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Figure 2. Effect of various cold shock treatments on the survival
of S. thermophilus BCRC 14085 at -20°C. (A) Cells cold-shocked at
10°C; (B) cells cold-shocked at 15°C; (C) cells cold-shocked at 20°C.
○, cells without cold shock; ●, cells cold-shocked for 2 h; ▼, cells
cold-shocked for 4 h.
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Clostridium perfringens showed an enhanced thermal tolerance at 58°C, compared to the controls. Panoff et al.(20) also
reported that pre-incubation of Lactococcus lactis subsp.
Lactis at 8°C led to varying degrees of enhanced thermal
tolerance at 52°C, which were dependent on the length of the
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II. Effect of Cold Shock on the Thermal Tolerance of
S. thermophilus
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Figure 3 shows the survival of cold-shocked and control
cells of S. thermophilus during exposure at 58°C for a period
of 60 min. It was found that the viability of S. thermophilus,
regardless of cold shock treatment, decreased as the incubation time increased. However, the survival rate of S. thermophilus varied with the cold shock condition. Generally,
the cells of S. thermophilus cold-shocked at 10°C for 2 or
4 h showed a higher survival rate, while those cold-shocked
at 15 or 20°C exhibited a lower survival rate than that of
the control cells during subsequent exposure to 58°C. For
example, at the end of the incubation period, the control
S. thermophilus showed a survival percentage of 1.3% with
a population reduction of about 2.08 log cfu/mL. In comparison, the 10°C cold-shocked S. thermophilus exhibited a
significantly higher survival rate (p < 0.05) of 6.6% with a
lower population reduction of 1.19 - 1.57 log cfu/mL than
that of the control. On the other hand, the 20°C cold-shocked
S. thermophilus exhibited a lower survival percentage of
less than 0.01% with a higher population reduction of 3.34 4.64 log cfu/mL (Figure 3C). Additionally, it was noted that
the extent of reduction of thermal tolerance exerted by the
15 or 20°C cold-shocked S. thermophilus increased as the
period of cold shock treatment was extended. For example,
the 20°C - 2 h cold-shocked S. thermophilus showed a population reduction of 3.3 log cfu/mL after 60 min of exposure at
58°C, while a higher population reduction of 4.6 log cfu/mL
was noted for the 20°C - 4 h cold-shocked S. thermophilus
after a similar period of exposure at 58°C.
Previous research had addressed the diverse effects of
cold shock on the thermal tolerance of microorganisms. Lin
et al.(8) observed that the thermal tolerance of V. parahaemolyticus at 47°C decreased after cold shock at 20 or 15°C for 2 or
4 h. García et al.(19) reported that 15°C - 30 min cold-shocked
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- 4 h and the 20°C - 2 h cold-shocked cells, showed no significant difference from that of the control. Meanwhile, the 10°C
- 2 h, 10°C - 4 h and 15°C - 2 h cold-shocked S. thermophilus
showed a population reduction of 0.09, 0.12 and 0.17 log cfu/
mL, respectively, which were significantly less (p < 0.05)
than that of the control cells (0.41 log cfu/mL). In contrast, the
20°C - 4 h cold-shocked cells exhibited a significantly higher
(p < 0.05) population reduction of 0.73 log cfu/mL than the
control. Due to the difference in the test organism, condition
of cold shock treatment and challenge condition of frozen
storage, it is difficult to compare our results with those of
others. However, the phenomenon of the enhanced survival
of S. thermophilus induced by cold shock treatment noted
in the present study, which is consistent with that reported
by Wouters et al.(11), has also been observed for V. parahaemolyticuss(8), L. acidophilus and L. lactis(15,18). However, it
is different from that observed for S. thermophilus TS 2 by
Kim and Dunn(10). Nevertheless, our results demonstrated
that the response of S. thermophilus to freezing varied with
cold shock condition.
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Figure 3. Effect of various cold shock treatments on the survival
of S. thermophilus BCRC 14085 at 58°C. (A) Cells cold-shocked at
10°C; (B) cells cold-shocked at 15°C; (C) cells cold-shocked at 20°C.
○, cells without cold shock; ●, cells cold-shocked for 2 h; ▼, cells
cold-shocked for 4 h.
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pre-incubation period. In the present study, we observed that
the effect of cold shock on the thermal tolerance of S. thermophilus varied with the conditions of cold shock treatment.
This suggests that the cold shock response may vary with
both the microorganisms tested and the specific conditions
of the cold shock treatment.

the tolerance of microorganisms to high osmophilic stress
conditions(22,23). Chang et al.(22) reported that heat-shocked
C. sakazakii showed greater survival rates than control cells
when further exposed to a high osmotic stress environment.
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Removing water from or adding osmotically active
compounds such as salt, sugar and sugar alcohol to a food
system is frequently employed to control the proliferation
of spoilage and pathogenic microorganisms(16,21). However,
sub-lethal stress treatments have been reported to alter
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Figure 4 shows the survival of cold-shocked and
control cells of S. thermophilus during exposure to an acidic
condition with a pH of 2.5. Consistent with observations on
thermal tolerance, the survival of test organisms exposed to
the acidic condition varied depending on the specific conditions of the cold shock treatment. Cells cold-shocked at 10°C
for 2 or 4 h resulted in an enhanced tolerance of S. thermophilus in the acidic condition examined (Figure 4A), while cells
cold-shocked at 15 or 20°C experienced a reduction in the
tolerance of test organism at pH 2.5 (Figures 4B and 4C). As
shown in Figure 4A, the survival of the 10°C cold-shocked
S. thermophilus showed no marked change during the entire
60-min incubation period. At the end of the incubation period,
the 10°C cold-shocked S. thermophilus showed a survival
percentage of about 75.3 - 96.8% compared to a significantly
lower survival rate (1.3%) of the control. On the other hand,
the 15°C - 4h and the 20°C cold-shocked S. thermophilus
showed a significantly lower survival rate (p < 0.05) than
the control cells after incubation for 40 - 50 min or longer
at pH 2.5. At the end of the 60-min exposure period, there
was no significant difference (p > 0.05) between the survival
rates of the 15°C - 2h cold-shocked cells and the control, and
yet they were both significantly higher (p < 0.05) than those
of the 20°C and 15°C - 4 h cold-shocked S. thermophilus
(Figures 4B and 4C). At the end of the incubation period, the
control cells showed a population reduction of 2.26 log cfu/
mL, while there was a significantly larger population reduction of 3.20 and 3.20 - 4.31 log cfu/mL, respectively, noted
for the 15°C - 4 h and 20°C cold-shocked S. thermophilus.
As shown in Figures 4B and 4C, it was generally found
that the acid tolerance of S. thermophilus cold-shocked at 15
or 20°C reduced as the period of cold shock was extended.
Further, the 20°C cold shock reduced the acid tolerance of
S. thermophilus to a greater degree than the 15°C cold shock.
For example, the survival percentage of the 15°C- 4 h coldshocked S. thermophilus detected at the end of the exposure
period was found to be about 25 folds greater than that of the
20°C - 4 h cold-shocked cells.
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Figure 4. Effect of various cold shock treatments on the survival
of S. thermophilus BCRC 14085 in acidified MRS broth (pH 2.5).
(A) Cells cold-shocked at 10°C; (B) cells cold-shocked at 15°C; (C)
cells cold-shocked at 20°C. ○, cells without cold shock; ●, cells coldshocked for 2 h; ▼, cells cold-shocked for 4 h.
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In contrast, Zotta et al.(23) observed that heat and acid adaptation significantly reduced (p < 0.05) the tolerance of S.
thermophilus strain Sfi39 to osmophilic stress. In the present
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study, the effect of cold shock treatments on the tolerance
of S. thermophilus to subsequent high osmophilic pressure
stress was further investigated.
As shown in Figure 5, the survival rate of S. thermophilus, regardless of cold shock treatment, reduced during
subsequent exposure to high osmophilic pressure stress.
With exception of cells cold-shocked at 20°C, the survival
of the cold-shocked S. thermophilus was generally higher
than that of the control at similar specific exposure intervals.
However, at the end of the 72-min incubation period, the
control and the 20°C cold-shocked S. thermophilus showed
no significant difference (p > 0.05) in their survival percentages and population reductions, but these population reductions were significantly larger (p < 0.05) than those cells
cold-shocked at 10 or 15oC. Among the various test cells of
S. thermophilus examined, those cold-shocked at 10°C for 2
or 4 h and 15°C for 2 h exhibited the least population reduction of 2.34 - 2.61 log cfu/mL, compared to 4.25 log cfu/mL
of the control cells at the end of the exposure period. These
data demonstrated that the effect of cold shock on the tolerance of S. thermophilus under high osmotic pressure condition varies with the cold shock condition. Pre-adaptation at
10 or 15°C for 2 or 4 h enabled S. thermophilus to develop
enhanced tolerance.
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Figure 5. Effect of various cold shock treatments on the survival of
S. thermophilus BCRC 14085 under high osmotic pressure condition
at 25°C. High osmotic pressure condition was created in MRS broth
containing 75% sorbitol (aw ca. 0.88). (A) Cells cold-shocked at 10°C;
(B) cells cold-shocked at 15°C; (C) cells cold-shocked at 20°C. ○,
cells without cold shock; ●, cells cold-shocked for 2 h; ▼, cells coldshocked for 4 h.

Ethanol is commonly used as a preservative and sanitizer
in the food industry and households(24). At a sufficiently high
concentration, ethanol is capable of causing protein denaturation and lipid solubilization, which may lead to membrane
destruction and the injury or death of microorganisms(25).
The survival of cold-shocked and non-shocked S. thermophilus exposed to 20% ethanol is shown in Figure 6. It
was found that the survival of the 10 and 15°C cold-shocked
cells, regardless of cold shock length, was higher than that
of the control. After 4 h of exposure to ethanol, the survival
percentage of the control was 37.4%, with a population reduction of 0.44 log cfu/mL, while the 10 and 15°C cold-shocked
S. thermophilus exhibited significantly higher survival
percentages (p < 0.05) of 77.8 - 81.9 and 71.9 - 82.5%, with
a significantly lower population reduction than the control.
In contrast, the 20°C - 4 h cold-shocked S. thermophilus
showed a significantly lower survival percentage than that
of the control after subsequent exposure to ethanol for 3 h or
longer (Figure 6C). However, the survival of the 20°C - 2 h
cold-shocked S. thermophilus was not significantly different
(p > 0.05) from that of the control throughout the entire
exposure period.

CONCLUSIONS
This study demonstrates that pre-adaptation to sublethal low temperature changed the susceptibility of S. thermophilus BCRC 14085 to subsequent adverse conditions.
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The cold shock response of S. thermophilus BCRC 14085
varied with both the specific conditions of the pre-low
temperature treatments as well as with the subsequent
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stresses examined. These results reflect the complexity of
the cold shock response of the test organism. Furthermore,
it is suggested that proper cold shock treatment should be
carefully calibrated to induce the enhanced stress-resistance
of S. thermophilus so that it may be able to yield its potential
benefits in the food industry.
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Figure 6. Effect of various cold shock treatments on the survival of
S. thermophilus BCRC 14085 in 20% ethanol. (A) Cells cold-shocked
at 10°C; (B) cells cold-shocked at 15°C; (C) cells cold-shocked at
20°C. ○, cells without cold shock; ●, cells cold-shocked for 2 h; ▼,
cells cold-shocked for 4 h.
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